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The human genome contains a family of endogenous retroviruses, HERV-K(HML-4), that comprises the full-length provirus
HERV-K-T47D, five related elements, and hundreds of solitary long terminal repeats (LTRs). We here show that HERV-K-
T47D-related LTRs are dispersed over all human chromosomes and have arisen after the divergence of Old and New World
monkeys. By screening a cDNA library derived from the human mammary carcinoma cell line T47D with a HERV-K-T47D LTR
probe, we isolated several clones containing LTR/cellular gene chimeras and assessed the transcriptional activity of these
LTRs in transient transfection experiments. All LTRs were able to drive the expression of a reporter gene, thereby displaying
distinct activities in different cell lines. We found that sequences located downstream of the LTR-U3 region modulate the level
of gene expression. Based on the impact of the R region we distinguished between three different LTR types; the activity of
type I LTRs was enhanced in the presence of the LTR-R region in all cell lines tested, whereas a type II LTR was
downregulated. Type III LTRs are characterized by lacking or having a varying influence of the R region that was dependent
on the cell line used. Finally, our results attribute to LTR-U5-gag sequences a role in determining LTR activity. © 2001 Academic
Press
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1INTRODUCTION
A significant proportion of the human genome consists
of endogenous retroviral elements (HERVs). They are
probably derived from exogenous retroviruses that have
integrated into the germ line during evolution and since
then have been vertically transmitted in a Mendelian
manner. Several distinct HERV families have been iden-
tified, most of them comprising full-length or truncated
proviruses as well as a considerable number of solitary
long terminal repeats (LTRs) (for reviews, see Leib-
Mo¨sch et al., 1990; Leib-Mo¨sch and Seifarth, 1996;
Wilkinson et al., 1994). Whereas the structural genes of
ost HERVs have lost their functional capacity due to
utations in the course of evolution, their widely spread
TRs still contain regulatory elements that can affect the
xpression of neighboring cellular genes. They can act
s promoters and enhancers and are used to initiate
ranscription of cellular genes, as has been described for
NF 80, Kru¨ppel-like H-plk, and calbindin (Di Cristofano
t al., 1995; Kato et al., 1990; Liu and Abraham, 1991). A
ERV-H LTR promotes transcription and intergenic splic-
Sequence data from this article have been deposited with the EMBL/
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262ng of two independent genes located downstream of the
TR (Feuchter-Murthy et al., 1993; Kowalski et al., 1999),
nd a HERV-K LTR induces alternative splicing of the
uman leptin receptor (Kapitonov and Jurka, 1999). Fur-
her, LTRs can modify tissue specificity of cellular gene
xpression. For example, the salivary-specific expres-
ion of three human amylase genes is conferred by a
ERV-E LTR (Ting et al., 1992) and the insertion of a
ERV-E element leads to trophoblast-specific expres-
ion of the human growth factor gene pleiotrophin
Schulte et al., 1996). Finally, HERV LTRs have been found
o direct 39-end processing of adjacent cellular se-
uences, indicating that at least some LTRs contain a
unctional polyadenylation signal (Goodchild et al., 1992;
ager et al., 1999; Kjellman et al., 1999; Baust et al.,
000).
We focused our attention on the activity of LTRs de-
ived from the human endogenous retrovirus superfamily
ERV-K (for review, see Lo¨wer et al., 1996). Aside from
0–50 full-length elements that have been classified in
0 distinct groups (Medstrand and Blomberg, 1993;
ndersson et al., 1999), this superfamily further com-
rises about 10,000 solitary LTRs (Leib-Mo¨sch et al.,
993). Transcripts with uninterrupted HERV-K pol and env
pen reading frames have been detected in human ter-
tocarcinoma cell lines (Lo¨wer et al., 1993, 1995; To¨njes
t al., 1997), and gag and pol gene products with enzy-
atic activity could be expressed in vitro (Kitamura et al.,
996; Lo¨wer et al., 1993; Sauter et al., 1995; Berkhout et
l., 1999). The observations that many HERV-K elements
263HERV-K-T47D LTRsare actively transcribed, that they give rise to functional
proteins and even retrovirus-like particles (Boller et al.,
1983), and that thousands of solitary HERV-K-related
LTRs exist in the human genome suggest that the
HERV-K family represents an important reservoir of po-
tentially functional regulatory sequences.
We recently isolated a member of the HML-4 subgroup
of the HERV-K family from a human genomic library
(Seifarth et al., 1998). This provirus, which we termed
HERV-K-T47D, had originally been traced by analyzing
RNA sequences packaged in particles released by the
human mammary carcinoma cell line T47D (Seifarth et
al., 1995). Except for a truncation of the 39-LTR, HERV-K-
T47D has a complete retroviral structure and is actively
transcribed in human placenta and steroid-induced T47D
cells. However, despite the full-length genome, HERV-K-
T47D does not encode for functional proteins, since the
proviral genes are inactivated by stop codons and frame-
shifts (Seifarth et al., 1998).
In this study we have analyzed the chromosomal dis-
tribution, evolutionary age, and functional activity of
HERV-K-T47D-related LTRs. To isolate transcriptionally
active LTRs we screened a T47D cDNA library, obtaining
numerous clones containing LTRs related to the HERV-
K-T47D LTR. Seven of these clones were studied in
detail. Transcriptional activity of the LTR sequences was
assessed in various human cell lines by applying lucif-
erase reporter gene assays. We further present evidence
that sequences located downstream of the LTR-U3 re-
gion have considerable influence on LTR-driven gene
expression.
RESULTS AND DISCUSSION
Solitary HERV-K-T47D LTRs have amplified after the
divergence of New and Old World monkeys and are
scattered over all human chromosomes
We screened GenBank at NCBI (URL: http://www.
ncbi.nlm.nih.gov/BLAST) with the HERV-K-T47D 59-LTR
and found about 720 human genomic DNA sequences
with identities higher than 80%. Using all human data-
base entries at the time of the search (August 2000) as a
basis for calculation, we estimate that the human ge-
nome contains approximately 850 HERV-K-T47D-related
LTRs. To map the chromosomal localization of these
LTRs we performed Southern blot hybridization of DNA
derived from a panel of 24 human 3 rodent monochro-
mosomal hybrid cell lines, using a PCR-amplified LTR-
U3/R fragment of HERV-K-T47D (Fig. 3B) as a probe. We
found that HERV-K-T47D-related LTR sequences are dis-
persed over all human chromosomes, although with an
unbalanced chromosomal distribution. For example, only
1 band was detected with DNA of chromosomes 5 or 18,
whereas more than 10 bands were received with DNA of
chromosomes 2 or 8 (data not shown).To obtain information about the evolutionary age of thesolitary HERV-K-T47D LTRs we hybridized genomic DNA
derived from Old and New World monkeys with a 1219-bp
probe comprising the entire 59-LTR (LTR 1200 in Fig. 3B).
In the DNA of each Old World monkey tested a high
number of hybridizing bands could be detected (Fig. 1,
lanes 1–6). In contrast, the DNA derived from the New
World monkey Aotus trivirgatus (night monkey, lane 7)
gave no detectable signal.
Our results show that the solitary HERV-K-T47D-re-
lated LTRs have propagated after the divergence of Old
and New World monkeys (30–45 million years ago). This
concurs with previous findings that HERV-K-T47D ele-
ments like most HERVs arose, at the earliest, about 40
million years ago (Leib-Mo¨sch and Seifarth, 1996). Fur-
ther, our data are consistent with the results of Liao et al.
(1998), who analyzed the distribution and the origin of
LTR sequences related to the solo LTRs present in the
U2 snRNA locus in humans and apes. These LTRs, which
were referred to as LTR13, are highly homologous to the
HERV-K-T47D LTR (.80% identity) and therefore have to
FIG. 1. Evolution of HERV-K-T47D LTR sequences. Hybridization of
HindIII-digested DNA derived from Old World and New World monkeys
and higher primates with a 1219-bp fragment comprising the entire
HERV-K-T47D 59-LTR (LTR 1200 in Fig. 3B). The DNAs analyzed (10
mg/lane, except for lane 4, which is underloaded) were as follows: lane
1, human (Homo sapiens); lane 2, chimpanzee (Pan paniscus); lane 3,
orangutan (Pongo pygmaeus); lane 4, Indian leaf-monkey (Presbytis
entellus); lane 5, baboon (Papio anubis); lane 6, rhesus monkey (Ma-
caca mulatta); and lane 7, night monkey (Aotus trivirgatus). Marker
sizes are indicated on the left. Hybridization was performed under
stringent conditions.be assigned to the HML-4 subgroup of HERV-K ele-
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264 BAUST ET AL.ments. Liao et al. (1998) estimated the number of LTR13
elements to be 2500, which exceeds our calculation by a
factor of three. The difference might, on the one hand,
result from an overestimation of LTR13 sequences due to
the limited amount of GenBank entries at the time of
publication (Liao et al., 1998). On the other hand, the
stimated number of homologous sequences varies sig-
ificantly with the chosen probability value cutoff. We
hose a value cutoff of 1025 for both high-throughput
genome sequences and “nonredundant” GenBank en-
tries since we observed a significant increase of the
cutoff value at that point, primarily due to hits in low-
complexity regions of the LTR.
HERV-K-T47D-related LTRs are cotranscribed with
cellular sequences
The high copy number of solitary HERV-K-T47D LTRs
in the human genome represents a reservoir of putative
regulatory elements. To isolate LTRs that might influence
the expression of neighboring cellular genes we
screened an oligo(dT)-primed and a random-primed
T47D l-cDNA library with a 229-bp probe derived from
the U3 region of the HERV-K T47D 59-LTR. We isolated
seven cDNA clones, which contain both a solitary LTR
and nonviral sequences.
Three of the seven chimeric clones (L48, L5, and L50),
which are described in detail in Baust et al. (2000),
contain the U3/R region at their 39-end, which displays
about 80% sequence homology to the HERV-K-T47D LTR.
All three clones were isolated from the oligo(dT)-primed
library and were found to be polyadenylated, indicating
that HERV-K-T47D-related LTRs are able to correctly 39-
end process cellular sequences. The cDNAs of clones
L5 and L50 probably derive from the same primary tran-
script since their sequences display 99% identity except
for a different polyadenylation site.
Four clones (L8, L9, L20, and L49) contain full-length
LTRs, which are flanked by cellular sequences on both
sides. The LTRs display 86% homology to the 59-LTR of
HERV-K-T47D. Clones L8 and L9 (1396 bp and 2080 bp,
respectively) were both isolated from the random cDNA
library. Except for eight mismatches, their overlapping
sequences are identical. Clone L9 contains, downstream
of its full-length LTR, a cellular sequence with an overall
length of 941 bp. This sequence is not present in L8,
which further lacks 25 nt of the 39-end of U5. The cellular
sequence upstream of the LTR of clone L9 comprises 73
bp, whereas the corresponding sequence of clone L8 is
longer, containing 459 bp. The LTR as well as the flank-
ing cellular sequences of both clones display 99% iden-
tity to a sequence derived from chromosome 5, which
was found in the human high-throughput genome data-
base at GenBank (positions 174657 to 172183 of Acces-
sion No. AC034210), suggesting that the two cDNAs
might have derived from the same transcript.The LTR of clone L9 is flanked by a direct repeat
sequence (GTCTCC), as would be expected after inser-
tion of a provirus and subsequent recombination be-
tween the homologous 59- and 39-LTRs, leading to the
excision of the intervening proviral sequences. The same
observations were made for the LTRs of clones L20 and
L49 (1246 bp and 1480 bp, respectively), which are
flanked by the direct repeat CGTTTT. Whereas clone L20
was isolated from the random cDNA library, clone L49 is
derived from the oligo(dT) library. Both clones are iden-
tical, except that the cellular 39 portion of L49 (264 bp in
length) exceeds the corresponding sequence of clone
L20 by 209 bp and possesses a poly(A) tail. In particular,
the cellular 59 portions of both clones (230 bp in length)
terminate at the same position, suggesting that both
derive from the same transcript. A sequence present in
the human high-throughput genome database displays
99% identity to L20 and L49 (positions 111441 to 109979
of Accession No. AC025573.8). To search for a promoter
that might have initiated the transcription of the cloned
sequences we scanned the region of AC025573.8 lo-
cated upstream of the L20/L49 sequence, using the pro-
moter scan program at the BIMAS World Wide Web site
(URL: http://bimas.dcrt.nih.gov/molbio/proscan). However,
no typical promoter sequence could be identified. Se-
quence analysis of the clone at GenBank further showed
that the poly(A) tail of cDNA L49 is derived from an A-rich
region present in the DNA clone rather than from the
poly(A) tail of the mRNA, suggesting that L49 constitutes
only part of the original full-length transcript.
HERV-K-T47D-related LTRs display different activities
in various cell lines
To analyze the functional activities of the isolated
HERV-K-T47D-related LTRs we cloned DNA fragments
containing the LTR promoter into a luciferase gene vec-
tor and transiently transfected the constructs into cells of
various cell lines. Due to the initial lack of information
regarding where the U3/R border of HERV-K-T47D had to
be assigned, we amplified as a precaution two overlap-
ping LTR fragments differing only in their 39 portion.
Novel data (Seifarth et al., 1998) have now shown that the
longer fragments (about 750 bp in length) contain the U3
and most of the R region, whereas the shorter fragments
(about 530 bp) only just exceed the U3/R border (sche-
matically drawn in Fig. 3B).
We tested the activity of the luciferase reporter plas-
mids containing the longer U3/R fragment of either the
HERV-K-T47D 59-LTR or the solitary LTRs in various cell
lines (representative results are shown in Fig. 2). Even
though all LTRs display at least 79% homology to each
other, they show significant variability in activity, with L5
(and L50) exhibiting the highest luciferase expression in
all cell lines tested. Further, the activity of the LTR is
dependent on the cell line used, since, for example,
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265HERV-K-T47D LTRsL5-U3/R displayed activity about threefold higher in LC-5
cells than in T47D cells. These data show that despite
their homology the promoter activities of HERV-K-T47D-
related LTRs differ significantly and vary with the cell line
used.
Whereas transcriptional mechanisms of exogenous
retroviruses like the human immunodeficiency virus
(Kingsman and Kingsman, 1996) have been thoroughly
investigated, much less is known about transcription
factors that influence promoter activity of the HERVs.
Myb proteins mediate transactivation of the HERV-H pro-
moter (de Parseval et al., 1999), and Sp1 factors influence
the transcription of HERV elements from various families,
either by stimulating promoter activity (Nelson et al.,
1996; Sjøttem et al., 1996; La Mantia et al., 1992; Schulte
t al., 2000) or by exerting a negative effect (as sug-
ested by Scho¨n et al., 2001). As for HERV-K elements,
no¨ssl et al. (1999) have recently found that YY1 stimu-
ates promoter activity by binding at the very 59-end of
the LTR-U3 region.
Sequence analysis of the HERV-K-T47D LTR using the
TRANSFAC database (Wingender, 1994) revealed a pleth-
ora of putative recognition sites; for example, three sites
for the NF-kB/Rel family of potent transactivators, three
serum response elements, and at least two sites for
octamer binding factor 1. Further, two Myb recognition
sequences as well as a GC element in the vicinity of the
TATA box were found.
To find an explanation for the stronger activity of L50-
U3/R in the luciferase assays we compared the putative
transcription factor binding sites of all LTRs tested. We
found several elements that were only present in the
L50-U3/R (e.g., for the Ras-responsive element binding
FIG. 2. HERV-K-T47D-related LTRs display different, cell type-spe
ransiently transfected in cells of the human cell lines T47D (breast ca
C-5 (lung carcinoma). Promoter activity was measured by a standar
ndicating the ratio between the standardized luciferase activity of the
he data are the means from at least three independent experiments i
ars indicate standard errors of the means.protein 1, an activator that mediates Ras or Raf response e(Thiagalingam et al., 1996), and for Maf, a transcriptional
activator that dimerizes with several AP-1 family mem-
bers (Kataoka et al., 1993). The most striking difference,
owever, was the number of target sequences for oc-
amer binding proteins such as Oct-1. Whereas all LTRs
nalyzed have two octamer factor binding sites in com-
on that are located at the 59-end of U3 and in R (with a
ore similarity of 0.944 and 1.000, respectively), the U3
egion of L50 contains, upstream of the putative TATA
ox, two additional sites (core similarity, 1.000). It is
empting to speculate that synergistic interactions of
ctamer factors recognizing these sequences might play
role in the enhanced activity of the L50 LTR.
he R region of HERV-K-T47D-related LTRs contains
equences that modulate gene expression
We compared the expression of the reporter plasmids
ontaining either the LTR-U3 or the LTR-U3/R fragment.
urprisingly, the two constructs yielded very different
esults, clearly indicating an influence of the LTR-R re-
ion on the level of gene expression. Based on this
ifference we distinguished three LTR types: LTRs in
hich the longer U3/R fragment displayed, in all cells,
igher activity than the shorter U3 fragment are referred
o as type I (L5/L50, L8/L9; shown for L9 in Fig. 3A). In
ontrast, with type II (L20/L49), LTR activity was reduced
pon addition of the R sequence (Fig. 3A). The LTRs of
48 and HERV-K-T47D displayed varied activities in the
ell lines tested and are therefore referred to as type III.
he activity of L48, despite a tendency toward being
educed upon addition of the R region, did not signifi-
antly change in any cell line. The LTR of HERV-K-T47D
ctivities. Luciferase plasmids containing LTR-U3/R fragments were
ela (cervical carcinoma), Huh-7 (liver), Chang liver, 293 (kidney), and
uciferase assay. Bar graphs represent the relative luciferase activity,
al promoter and the standardized luciferase activity of the vector pBL.
two separate preparations of plasmid DNA have been applied. Errorcific a
ncer), H
dized l
retrovir
n whichither was noninfluenced (T47D, HeLa) or displayed a
266 BAUST ET AL.FIGURE 3
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267HERV-K-T47D LTRsslightly higher activity (Chang liver, Huh-7, 293, LC-5) in
the presence of the R region (data not shown).
Computer sequence analysis of the portion of the R
region exclusively present in the longer LTR fragment (“R
FIG. 3. Impact of sequences located in the R region of HERV-K-T47D-
elated LTRs on HERV promoter activity. Luciferase plasmids contain-
ng either an LTR-U3 fragment (about 530 bp in length) or an LTR-U3/R
ragment (about 750 bp) were transiently transfected in cells of the
uman cell lines T47D (breast cancer), HeLa (cervical carcinoma),
uh-7 (liver), Chang liver, 293 (kidney), and LC-5 (lung carcinoma). LTR
ctivity was measured by a standardized luciferase assay and the
elative luciferase activities for both the LTR-U3 and LTR-U3/R frag-
ents were calculated as described in the legend of Fig. 2. The ratio of
hese relative luciferase activities (LTR-U3/R / LTR-U3) was calculated
or each of at least three independent experiments. Bar graphs repre-
ent the means of these quotients. Error bars indicate standard errors
f the means. (A) L9, type I LTR. L20, type II LTR. (B) Sequence
omparison of the R core region, the presence or absence of which
ccounts for the difference in activities of the LTR-U3 and LTR-U3/R
uciferase constructs. U3, R, and U5 LTR regions and locations of the
TR 1200, U3, and U3/R fragments tested in luciferase assays are
rawn schematically. Only the differences in nucleotide sequence with
espect to the R core region of the HERV-K-T47D LTR are shown.
dentical nucleotides in all clones are depicted as dots and missing
ucleotides are indicated by dashes. The putative polyadenylation
ignal is underlined and possible bindings sites for transcription fac-
ors are boxed and labelled above. The locations of the oligonucleo-
ides used in gel electrophoretic mobility assays are indicated below.
C) Electrophoretic mobility shift assay with sequences derived from
he R core region. Oligomers containing the consensus binding site for
p1 (Sp1wt) or the putative Sp1 binding site of L50 (L50-oligo2) were
32P-labeled (lane 1, probes alone) and incubated with T47D cell nuclear
xtract (lane 2). Specificity of binding was verified by incubation with
xcess (3100) cold oligomer (lane 3 with the specific oligomer; lanes
and 5 with the unspecific oligomer SP1mut or TFE3-S, respectively).
ntibody supershifts were performed with polyclonal anti-Sp1 antibod-
es (lane 6). The triangle indicates the shifted specific Sp1 band.core”) led to the identification of a putative binding sitefor the transcription factor Sp1 in type I LTRs, but not in
any other LTRs (boxed in Fig. 3B). Only the first nucleo-
tide of this binding site (ACCCTGCCCC) differs from the
Sp1 consensus, leading to an overall matching quality of
93% according to the program MatInspector (Quandt et
al., 1995). To test the putative Sp1 sequence of a type I
LTR (L50) and the respective sequences of type II (L20)
and type III (L48, HERV-K-T47D) LTRs for their ability to
bind Sp1, we performed electrophoretic mobility shift
assays with crude nuclear extracts of HeLa and T47D
cells. Incubation of a radioactively labeled 61-bp se-
quence containing the assumed Sp1 binding site of L50
(L50 oligo(2), indicated in Fig. 3B) with nuclear extract
from HeLa or T47D cells, however, did not lead to the
formation of a specific Sp1 shift (shown for T47D nuclear
extract in Fig. 3C, right). Similar results were obtained
with the respective sequences of L20, L48, and HERV-K-
T47D LTR, whereas a classical Sp1 consensus se-
quence (derived from GENEKA Biotechnology, Montre´al,
Canada) specifically bound Sp1 (Fig. 3C, left).
Searching for a transcription factor that might be re-
sponsible for the reduction of promoter activity in the
type II LTR L20, we focused our attention on a TFE3-S
consensus sequence (CATGTG) solely present in the R
core region of the L20 LTR (boxed in Fig. 3B). TFE3-S has
been described as a splice variant of the transcription
factor TFE3, acting as a dominant negative regulator in
mice (Roman et al., 1991). To test the hypothesis that
TFE3-S acts as a transcriptional repressor in L20 but not
in the other LTRs we performed electrophoretic mobility
shift assays with a 24-bp oligomer that contains the
assumed TFE3-S binding site (oligo(1), indicated in Fig.
3B). Comparing the protein binding ability of this oli-
gomer to the corresponding sequence from clone L50
that lacks the TFE3-S consensus sequence did not re-
veal a differing banding pattern. Using crude nuclear
extract derived from HeLa or T47D cells, both DNA frag-
ments formed two specific DNA/protein complexes of the
same size (data not shown). Thus, although both oli-
gomer sequences analyzed are capable of specific pro-
tein binding, we found no indication of an involvement of
the TFE3-S transcription factor in the differential regula-
tion of HERV-K-T47D-related LTRs.
Taken together, our results suggest that the R region of
HERV-K-related LTRs substantially contributes to the reg-
ulation of gene expression. This seems also to apply to
members of the HERV-K(HML-2) family, in which similar
observations have been made (R. Lo¨wer, personal com-
munication).
The varying LTR activity in the presence or absence of
the R region could be caused by differential regulation of
promoter activity or result from changes on a posttran-
scriptional level. We focused our attention on the first
possibility. TRANSFAC analysis revealed a variety of pu-
tative factor binding sites located in the R core region
(e.g., GATA-3, c-Rel, and octamer factor), of which the
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268 BAUST ET AL.recognition sites for the factors Sp1 and TFE3-S were
most interesting to us, since they are only present in type
I or type II LTRs, respectively. However, the analysis of
these putative recognition sequences did not unveil a
correlation between binding of the respective factors and
the observed differences in LTR activity.
Sequences located downstream of the R region of
the HERV-K-T47D LTR increase LTR activity
We compared the activities of the U3 and U3/R frag-
ments of the HERV-K-T47D LTR in the luciferase assay
with those of a DNA fragment (LTR 1200 in Fig. 3B)
comprising the full-length LTR, the gag leader sequence,
and the first 125 bp of the gag gene. In transient trans-
fection experiments we found that the LTR-gag fragment
displayed a substantial higher activity than the smaller
LTR fragments (Fig. 4). The significant increase of lucif-
erase expression observed in all cell lines (from 7-fold in
T47D cells up to 35-fold in HeLa cells and 48-fold in
Chang liver cells) clearly indicates that sequences lo-
cated downstream of the R region of the HERV-K-T47D
LTR essentially contribute to the LTR activity. As in the
case of the R region, this enhancing effect could be
explained by two different mechanisms: the sequences
located downstream of the promoter either alter basal
transcription by providing binding sites for positive-act-
ing transcription factors or influence posttranscriptional
events such as mRNA processing, nucleocytoplasmic
export, or stability. Both transcriptional and posttran-
scriptional mechanisms have been found to be involved
FIG. 4. Impact of sequences located downstream of the R region of t
onstructs containing the fragments LTR-U3, LTR-U3/R, or LTR 1200 (sho
uciferase activity was calculated as described in the legend to Fig. 2in the regulation of HIV expression (El Kharroubi and fMartin, 1996; Lenz et al., 1997). For avian retroviruses like
Rous sarcoma virus it has been shown that the CCAAT/
enhancer–binding protein C/EBP binds to a sequence in
an enhancer that is located within the gag gene (Ryden
t al., 1993). Interestingly, TRANSFAC analysis of the
219-bp HERV-K-T47D fragment revealed, besides poten-
ial binding sites for AP-1, NF-1, and CREB/ATF, which are
ocated downstream of R, an avian C-type CCAAT box at
he 59-end of gag, suggesting that C/EBP might also play
role in transcriptional regulation of this endogenous
etroviral element.
In summary, we have shown that HERV-K-T47D-related
TRs contain regulatory elements with the potential to
odulate the expression of cellular sequences. LTR ac-
ivity can be modified by sequences located in the R
egion and further downstream, a finding that concurs
ith observations made for HIV and avian retroviruses.
ince there are hundreds of solitary HERV-K-T47D-re-
ated LTRs present in the human genome that are not yet
haracterized, it is possible that some of them exert
ssential regulatory functions in cellular gene expres-
ion.
MATERIALS AND METHODS
ell culture
The human breast cancer cell line T47D, the cervical
arcinoma cell line HeLa, and the lung carcinoma cell
ine LC-5 were obtained from the American Type Culture
ollection (Rockville, MD) and the adenovirus-trans-
V-K-T47D LTR on gene expression. Transient transfection of luciferase
ig. 3B). Bars represent the relative luciferase activity of each construct.he HER
wn in Formed human embryonal kidney cell line 293 from the
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269HERV-K-T47D LTRsGerman Collection of Microorganisms and Cell Cultures.
The liver cell lines Huh-7 and Chang were kindly pro-
vided by Prof. C.-H. Schro¨der (Human Cancer Research
Center, Heidelberg, Germany). T47D cells were grown in
phenol red-free RPMI 1640 and all other cells in Dul-
becco’s modified Eagle medium (DMEM). Media were
supplemented with 10% fetal calf serum (GIBCO BRL,
Grand Island, NY), 100 U/ml streptomycin, 100 mg/ml
penicillin, and 2 mM L-glutamine (RPMI 1640 with 0.2
U/ml bovine insulin; Sigma Chemical Co., St.Louis, MO),
nd cells were maintained at 37°C with 5% CO2.
Southern blot analysis
Genomic DNA was extracted from primate cells as
described earlier (Seifarth et al., 1995). DNA from a panel
of 24 human 3 rodent monochromosomal hybrid cell
lines, each containing a different human chromosome,
was obtained from NIGMS Human Genetic Cell Repos-
itory (Camden, NJ) (mapping panel no. 2). DNA was
digested with restriction enzymes, and the resulting frag-
ments were separated by electrophoresis in 0.8% aga-
rose gels and transferred to nylon membranes [Zeta-
probe, Bio-Rad (Richmond, CA); or Hybond N1, Amer-
sham Pharmacia Biotech, Uppsala, Sweden] by the vacu-
blot procedure (Vacu-Gene XL; Pharmacia/LKB, Freiburg,
Germany).
Hybridization probes were generated by PCR amplifi-
cation of the HERV-K-T47D 59-LTR sequence, using the
cloned HERV-K-T47D provirus (Seifarth et al., 1998) as a
template. A 753-bp probe (LTR-U3/R in Fig. 3B) was
amplified with the forward primer GGGACTAGTA GGT-
GCCGAGG CAAGAGACTG AAGGCACAA (nt 20 to 49)
and the reverse primer GGGAAGCTTC TGATATTTAT TG-
CATACAAG AC (nt 751 to 772). A 1219-bp probe (LTR 1200
in Fig. 3B) was amplified with the forward primer GCGG-
GATCCG AGGCAAGAGAC TGAAGGCAC (nt 25 to 47)
and the reverse primer CGCGGATCCC TCAGTTGGAA
ACCAAGGGC (nt 1221 to 1243). (The numbering refers to
the positions in the HERV-K-T47D 59-LTR.) Filters were
prehybridized for 2 h at 65°C in 53 SSC (13 SSC is 150
mM NaCl plus 1.5 mM sodium citrate), 50 mM NaH2PO4,
H 7.0, 53 Denhardt’s solution, 0.1% SDS, 1 mM EDTA,
nd 100 mg of denatured sheared herring sperm DNA
er milliliter). Hybridization was performed at a high
tringency in the same solution at 65°C for at least 16 h
ith 106 cpm of 32P-labeled DNA per milliliter of hybrid-
ization solution. Washing was performed in 23 SSC and
0.1% SDS for 90 min.
cDNA library screening and isolation of LTRs
To generate a random and oligo(dT)-primed l-cDNA
library we isolated total RNA from T47D cells (Seifarth et
al., 1998) by the guanidine isothiocyanate method
(Chomczynski and Sacchi, 1987). Poly(A)1 mRNA was
selected using oligo(dT) chromatography (Sambrook,1989). The libraries were established with ZAP cDNA
synthesis kits (Stratagene Cloning Systems, La Jolla, CA)
as proposed by the attached protocols. Phages were
transferred onto nitrocellulose membranes and hybrid-
ized with a 229-bp HERV-K-T47D LTR probe that had
been amplified with the forward primer GCGGGATCCG
AGGCAAGAGAC TGAAGGCAC (nt 25 to 47) and the
reverse primer ACTTCTCACC AATGTCCCTT CAGC (nt
232 to 254). The numbering refers to the positions in the
HERV-K-T47D 59-LTR. Hybridization was performed under
low-stringency conditions [30% formamide, 53 SSC (13
SSC is 150 mM NaCl plus 1.5 mM sodium citrate), 50 mM
NaH2PO4, pH 7.0, 53 Denhardt’s solution, 0.1% SDS, 1
M EDTA, and 100 mg of denatured sheared herring
sperm DNA per milliliter]. We screened approximately
one million plaques from each library and obtained about
100 hybridization signals each. Inserts of seven positive
l-phages were amplified by PCR with the forward primer
CGCTCGAAAT TAACCCTCAC TAAAGGG and either the
reverse primer GCGTGAATTC TAATACGACT CACTAT-
AGGG CG (clones from the random library) or the reverse
primer CTCACTATAG GGCGAATTCG GTACCGGGCC
(clones from the oligo(dT) library). PCR products were
digested with EcoRI and cloned into the EcoRI site of the
vector pBS (SK1) (Stratagene). Resulting clones were
characterized by restriction enzyme analysis and the
DNA sequence was determined using the T7 sequenc-
ing kit (Amersham). Sequence analysis was performed
using the nucleic acid and protein sequence analysis
program GeneWorks (IntelliGenetics Inc., CA).
Luciferase reporter plasmids
To construct luciferase reporter plasmids containing
LTR sequences of the isolated cDNA clones, the respec-
tive clones served as templates for the amplification of
two fragments with an approximate length of 530 nt and
750 nt (LTR-U3 and LTR-U3/R in Fig. 3B) using the for-
ward primer GGGACTAGAG GTGCCGAGGC AA-
GAGACTGA AGGCACAA (nt 20 to 49) and either the
reverse primer GGGAAGCTTC AAAGAGGAAC CAGGAG-
TAC (nt 530 to 551; LTR-U3) or the reverse primer GG-
GAAGCTTC TGATATTTAT TGCATACAAG AC (nt 751 to
772; LTR-U3/R). The numbering refers to the correspond-
ing positions in the HERV-K-T47D 59-LTR. The obtained
fragments were cloned into the luciferase expression
vector pBL (kindly provided by Karin Butz, DKFZ, Heidel-
berg, Germany) via the freshly introduced restriction
sites SpeI and HindIII. The identity and correct insertion
of each construct were verified by nucleotide sequenc-
ing. A 1219-bp fragment containing the HERV-K-T47D
59-LTR (LTR 1200 in Fig. 3B) was generated by PCR as
described above. Employing the freshly introduced
BamHI restriction sites, the obtained fragment was
cloned into the multiple cloning site of the vector pBL.
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270 BAUST ET AL.Transient transfection
Transfection of supercoiled plasmid DNA into subcon-
fluently grown cells was performed by the calcium phos-
phate precipitation method (Chen and Okayama, 1987).
The day before transfection, 1 3 105 to 3 3 105 cells per
-cm-diameter petri dish were seeded and cultivated in
MEM for 24 h at 37°C and 5% CO2. For transfection, at
east duplicate dishes were incubated in parallel with a
alcium–phosphate mixture containing 0.3 pmole of re-
orter plasmid and either 200 ng of Renilla luciferase
lasmid (Promega Corp., Madison, WI) or 1 mg of pZ (a
b-actin–galactosidase construct) for internal standard-
ization. The total amount of DNA per dish was adjusted
to 6.5 mg with pBluescript SK(1). Incubation was carried
ut for 16 to 18 h at 35°C and 3% CO2. Cells there then
ashed twice with DMEM (without supplements) and
urther incubated in fresh medium (DMEM or RPMI 1640)
or 24 to 48 h at 37°C and 5% CO2. Harvesting of cells
nd measurement of luciferase and b-galactosidase ac-
ivities were performed according to the recommenda-
ions of either the Dual Luciferase assay kit (Promega) or
he Enhanced Luciferase assay kit (Berthold Detection
ystem, Pforzheim, Germany) and the Galacto-Light Che-
oluminescent Reporter Assay for b-galactosidase
TROPIX, Bedford, MA).
lectrophoretic mobility shift assays
EMSAs were performed with crude nuclear extracts
repared from T47D and HeLa cell cultures as described
n Andrews and Faller (1991). Binding assays were car-
ied out in reaction buffer (10 mM Tris pH 7.5, 50 mM
aCl, 1 mM dithiothreitol, 1 mM EDTA, 5% glycerol) with
mg nuclear extract, 1 mg bulk carrier DNA poly(dI/dC),
nd approximately 1 ng (30,000 counts per minute) 32P-
abeled double-stranded synthetic oligomers. Excess
old competitor DNA (3100) was used to verify binding
pecificity. The DNA–protein mixture was incubated for
t least 1 h on ice and then resolved by electrophoresis
n a 4% polyacrylamide gel containing 50 mM Tris, pH
.5, 2 mM EDTA, and 2.5% glycerol at room temperature.
n antibody “supershift” assays polyclonal anti-Sp1 anti-
odies (Santa Cruz Biotechnology, Santa Cruz, CA) were
dded 15 min prior to the labeled oligonucleotides and
he final DNA-protein mixture was incubated overnight
n ice. The following oligomers (with the putative binding
equences of interest underlined; positions shown in Fig.
B) were used: Sp1 wt sense/antisense, ATCACTTAGA
GATTCCCTT GGTGGGGGCGGGGCCTAAGC TGCGTG-
CAAT AAATATCAG and CTGATATTTA TTGCACGCAG CT-
TAGGCCCC GCCCCCACCA AGGGAATCTT CTAAGTGAT.
Sp1 mut sense/antisense, ATCACTTAGA AGATTCCCTT
GGTGGGTTGG GGGCCTAAGC TGCGTGCAAT AAATAT-
CAG and CTGATATTTA TTGCACGCAG CTTAGGCCCC
CAACCCACCA AGGGAATCTT CTAAGTGAT. L50 oligo(2)
(Sp1) sense/antisense (derived from L50), ATCACTTAGAAGATTCACCC TCCTTACCCT GCCCCCTTGT CTTGTAT-
GCA ATAAATATCA G and CTGATATTTA TTGCATACAA
GACAAGGGGG CAGGGTAAGG AGGGTGAATC TTCTA-
AGTGA T. L20 oligo(1) (TFE3-S) sense/antisense (derived
from L20), CCTGTAATCA TGTGACTTGC TTCA and
TGAAGCAAGT CACATGATTA CAGG. L50 oligo(1)
(TFE3-S) sense/antisense (derived from L50), CCTGTA-
ATCA CATGACTTGC TTCA and TGAAGCAAGT CATGT-
GATTA CAGG.
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